The Dome-C region, in the East Antarctic Plateau, is regarded as an ideal natural laboratory for calibration/validation of space-borne microwave radiometers. At L-band, the thermal stability of this region has been confirmed by several experimental campaigns. However, its use as an independent external calibration target has recently been questioned due to some spatial inhomogeneities and seasonal effects revealed in the brightness temperatures (T B ) acquired in this area. This paper shows the observed relationship, from exploratory research, between the Antarctic ice thickness spatial variations and the measured Aquarius T B changes. A 3-months no-daylight period during the Austral winter has been analyzed. Four transects have been defined over East Antarctica covering areas with different ice thickness variations and ranges. The theoretical L-band penetration depth has been estimated to understand the possible contributions to the measured signal. A good agreement has been observed between Aquarius T B and ice thickness variations over the whole Antarctica, with correlations of 0.6-0.7. The two variables show a linear trend with slopes of 8.3-9.5 K/km. No correlation has been observed with the subglacial bedrock. The maximum L-band penetration depth has been estimated to be 1-1.5 km. Results are therefore consistent: the spatial variations found on Aquarius T B are not related to the emissivity of the bedrock, which lies deeper. This study provides evidence that new L-band satellite observations could contribute to further our understanding of Antarctic geophysical processes.
Introduction
At L-band (1-2 GHz), the Earth's microwave thermal radiation is highly sensitive to surface soil moisture (SM) over landmasses and sea surface salinity (SSS) over oceans. The amount of radiation naturally emitted by these surfaces is proportional to brightness temperatures (T B ), and it decreases with increasing SM [Schmugge et al., 1986] , or increasing SSS [Blume and Kendall, 1982] .
The Aquarius/Sat elite de Aplicaciones Cient ıficas (SAC)-D mission [Le Vine et al., 2010] was developed to improve our understanding of the relation between SSS changes and the global water cycle. It was launched on 10 June 2011, as a collaboration between the U.S. National Aeronautics and Space Administration (NASA), and the Argentinian Comisi on Nacional de Actividades Espaciales (CONAE). The satellite carries on board three beam push-broom real aperture radiometers/scatterometers operating at 1.413 and 1.26 GHz, respectively [Le Vine et al., 2007] .
Previously, the Soil Moisture and Ocean Salinity (SMOS) satellite Font et al., 2010] from the European Space Agency (ESA) was launched on 2 November 2009 to monitor both SM and SSS from space. Its payload is the two-dimensional Microwave Imaging Radiometer with Aperture Synthesis (MIRAS), an Lband (1.413 GHz) interferometric radiometer [McMullan et al., 2008] .
NASA's Soil Moisture Active Passive (SMAP) satellite [Entekhabi et al., 2010] , launched in 30 January 2015, is the third mission with an L-band radiometer on board. It includes a real aperture radiometer [Kim et al., 2012] and a synthetic aperture scatterometer to monitor global surface soil moisture and its freeze/thaw state.
Although these missions were primarily designed for monitoring SSS and/or surface SM, they are also sensitive to radiation emitted by ice surfaces. That sensitivity, together with the large number of observations due to their polar orbits, makes them also suitable for cryospheric studies. For example, SMOS or Aquarius observations have recently been used to estimate sea ice thickness over the Arctic Ocean [Kaleschke et al., 2012; De Matthaeis et al., 2014] . In this paper, Aquarius data are used to investigate the Antarctica, the largest ice sheet on Earth, from an instrumental point of view.
With 98% of its surface ice covered, corresponding to an area of almost 14 million km 2 , the Antarctic ice sheet has an important role in the global climate system through multiple feedback mechanisms. The state and stability of this ice sheet, the largest reservoir of freshwater on Earth, can have a critical impact on ocean circulation and global sea level rise [Vaughan et al., 2013] . It is considered as a cold desert because is extremely dry, with only 166 mm of average annual precipitation. Also, the air relative humidity in Antarctica is often as low as 0.03%; the temperature is always below freezing (with a yearly average of 248 C), even during the Austral summer, and the snow on the surface never melts, but accumulates year-by-year forming stratigraphic layers.
These unique characteristics make Antarctica a natural laboratory for radiometric studies of ice. The remote sensing community has evaluated the possibility of using Antarctica as an independent external calibration target for satellite missions. The Dome-C region, located on the East Antarctic plateau, has been analyzed [Six et al., 2004; Cao et al., 2010] and used as test site for calibration and validation of spaceborne microwave radiometers [Jezek et al., 1991; Macelloni et al., 2006 Macelloni et al., , 2013 .
A recent inter-comparison study between SMOS and Aquarius observations over the Dome-C area revealed a seasonal effect producing an unusual distribution of the measured T B [Pablos et al., 2014] . In this line, some spatial inhomegeneities around Dome-C were detected using L-band airborne (DOMECair campaign) [Kristensen et al., 2013] and satellite observations [Pablos et al., 2014] . These results suggest that a better understanding of the ice emissivity would be needed in order to use Dome-C as a reference calibration target for present and upcoming L-band missions.
The main objective of this work is to explore the relationship between the spatial variations of Aquarius T B over Antarctica and its geophysical parameters and processes such as ice thickness and possible bedrock and/or basal hydrological effects on L-band emissivity. The Aquarius radiometers and the used data are included in section 2. The followed methodology in this study is described in section 3. Results and discussion are presented in section 4, and the main conclusions are outlined in section 5.
Data

Aquarius Data
The Aquarius satellite has a 657 km Sun-synchronous polar orbit that repeats every 7 days. The payload on board contains three-beam fully polarimetric push-broom radiometers, operating at 1.413 GHz. The third Stokes parameter allows to estimate the Faraday rotation angle induced by the ionosphere. All three beams point to the right side of the orbit, having each of them a different incidence angle (29.36 for the inner, 38.49 for the middle, and 46.29 for the outer beams), and footprint size (76 3 94 km, 84 3 120 km, and 96 3 156 km, respectively).
The Aquarius T B data used in this work are the L2 V3.0 products distributed by the NASA's Goddard Space Flight Center (GSFC), Greenbelt, Maryland (Aquarius data available at oceandata.sci.gsfc.nasa.gov/Aquarius/ V3/V3.0/L2). They are already provided at the Earth's surface level and corrected for attenuation and emission of the atmosphere [Wentz and Le Vine, 2012] . Additionally, they are filtered for Radio-Frequency Interferences (RFI), reflected Sun, glint, and Moon contamination (moderate and severe), and also for direct Sun contamination (severe), using the flags provided with the products. However, the measured Aquarius T B are affected by the land-sea transition effect (as far as 150 km from and to the coast line). In the spatial and statistical analysis, the sea area around the Antarctic continent has been removed to have only measurements over the continental ice sheet; coastal areas over land have been screened out to avoid this land-sea transition effect.
Antarctic Data Sets
The Antarctic data sets used in this study are obtained from the Bedmap2 project [Fretwell et al., 2013] . It contains a suite of 1 km regular gridded products for surface elevation, ice thickness, and subglacial Journal of Geophysical Research: Oceans 10.1002/2014JC010151 bedrock elevation of the Antarctica. The mean uncertainty both for subglacial bedrock elevation and ice thickness is 250 m.
The most recent Antarctic subglacial lakes inventory obtained from Wright and Siegert [2012] is also used. Currently, this data set includes the location for 379 known subglacial lakes.
ECMWF Surface Temperature
The surface temperature over the Antarctica from the European Centre for Medium-Range Weather Forecasts (ECMWF) has been used, particularly the skin temperature at thermal equilibrium corresponding to the top layer of the snowpack in a 0.125 regular grid.
Methodology
Gridding Procedure
A gridding procedure has been applied. The spatial sampling has been selected to fulfill the Nyquist criterium according to the Aquarius spatial resolution (100 km). Aquarius T B observations are defined by a latitude-longitude point at the center and four latitude-longitude points at the edges (23 dB) of its footprint, along and across beam tracks. These coordinates have been projected to a 50 km Equal Area Scalable Earth (EASE) grid [Brodzik and Knowles, 2002] . The T B value of each cell is obtained as the average of all observations that fall within the cell, taking into account the center and the edges of each footprint. The Antarctic data sets and the ECMWF surface temperature have also been projected to the same 50 km EASE grid.
Study Period for Surface Temperature Independence
To minimize the impact of surface temperature changes on T B variations and maximize the number of observations, both ascending and descending Aquarius orbits during a 3-months no-daylight period at latitudes below 65 S for all possible longitudes [Glarner, 2006] have been selected (from 6 May to 6 August 2013). This period contains 21 June, the Austral winter solstice, as the center of the data set, which corresponds to the day of the year with the largest latitude coverage at the Southern hemisphere without Sun illumination. All observations from this period are averaged to obtain mean Aquarius T B maps for each beam at both horizontal and vertical polarizations.
Transects for Spatial Analysis
To assess the spatial variations, four transects (T1, T2, T3, and T4) over East Antarctica have been selected in representative areas with: (i) significant ice thickness variations, (ii) different ice thickness ranges, (iii) no correspondence between ice thickness and bedrock elevation, and (iv) presence of known subglacial lakes. Under these assumptions, the selected transects include most of the possible combinations of ice thickness and bedrock elevation.
Statistics to Assess the Ice Effects
The Spearman correlation of Aquarius T B with two Antarctic geophysical variables (subglacial bedrock elevation and ice thickness) has been calculated. Also, the slope between the mean Aquarius T B and the ice thickness (s i ), including their standard deviation (std), has been estimated through a robust linear fit [DuMouchel and O'Brien, 1989] for all pixels in the map. Statistical scores with ice thickness have also been computed taking into account the presence of known subglacial lakes. They are displayed separately for the pixels with known subglacial lakes and for a representative selection of a comparable number of pixels without subglacial lakes. Note this selection is needed to make statistics comparable, since only 100-150 out of 2000-2500 pixels contain known subglacial lakes.
Results and Discussion
Global Views of Antarctica
The ECMWF surface temperature over the Antarctica has first been analyzed. Its mean and std for year 2013 and the selected 3-months no-daylight period are shown in Figure 1 . It can be seen that the spatial distribution of the mean surface temperature is similar in both periods, having the warmer values at the coastal areas and colder over the East Antarctic Plateau. As expected, the surface temperatures are colder during Journal of Geophysical Research: Oceans 10.1002/2014JC010151 the study period, and more stable (with lower std than the year 2013). Therefore, this result supports the applied criterium for the temporal data selection. Note that Dome-C is located in a region with low surface temperature. Figure 2 shows the mean and std Aquarius T B (middle beam) over the Antarctica and the Southern Ocean for year 2013 and the selected no-daylight period at horizontal polarization. Values are fixed between 75 and 255 K for the mean and between 0 and 30 K for the std. Note that mean T B over the Southern Ocean are higher and the std presents a lower variability during the study period, when the sea is ice covered, than the year 2013. Also, std has values between 10 and 20 K in the coastal regions and in areas of glaciers with ice shelves, whereas these regions are saturated at 30 K in the std map corresponding to the 2013. These results also support the temporal data selection, in agreement with results in Figure 1 . Results at vertical polarization and from the other beams (not shown) are fully consistent. A circular area without data of approximately 12 of radius can also be appreciated at the center of all plots, due to the Aquarius orbit inclination (98.0 ). The different incidence angle is responsible for the slightly different unobserved area per beam: the southernmost latitudes observable are 79.01 S for the inner, 77.90 S for the middle, and 76.56 S for the outer beams. Although each beam only covers a particular area along the Aquarius orbit, orbit tracks are closer at the Poles than at the Equator. This fact, together with the applied gridding procedure and the average of all observations, makes it possible to create these continuous T B maps for any beam. No interpolation is performed. 
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A theoretical estimation of the L-band penetration depth has been used to understand the role of the different possible contributions (ice layers and subglacial bedrock elevation) to the observed signal. In the microwave region, the real part of the ice dielectric constant (permittivity 0 ) is nearly independent of frequency and only exhibits a very small dependence on physical temperature [Matzler and Wegmuller, 1987 ]. In contrast, the imaginary part (loss factor 00 ) has a strong dependence with both frequency and temperature. For any material, with 0 00 < 0:01, as it occurs in the ice, the penetration depth (d p ) is defined by Ulaby et al. [1981] : d p 5 k ffiffiffi 0 p 2p 00 , where k corresponds to the electromagnetic wavelength. Also, d p decreases with increasing losses due to scattering and absorption.
Our approach to compute the maximum d p is mainly based in the estimation of 00 . At L-band, 00 is a very low magnitude (10 25 ), which is difficult to estimate accurately. Two models of 00 for the Antarctic ice have been considered: the pure ice model proposed by Hufford [1991] and Matzler et al. [2006] , and the icepack model. The pure ice 00 model (0.1 MHz-1 THz) shows a good agreement with experimental results, but observations between 5 and 10 GHz at very low temperatures (273.15 C) are smaller than the model [Matsuoka et al., 1996] . In addition, the lack of direct measurements in 0.5-3 GHz suggests that there is an associated uncertainty in the estimation of 00 , and therefore in d p , due to extrapolation of the model. The ice-pack is based on the pure ice model and also takes into account that the density of the Antarctic ice sheet increases exponentially with depth, from 379 kg m 23 (fresh snow) to 918 kg m 23 (pure ice) [Rist et al., . Since the ice-pack is typically granular, the ice-air mixture model for spherical inclusions has been applied [Sihvola and Kong, 1988] . The possible influence of fluctuations in the ice density profile and the snow grain size with depth, which may affect the estimation of 00 , are not considered in this work. A more complex formulation would be needed to include these effects, as described in Leduc-Leballeur et al. [2015] .
In both models, there is a strong dependence of 00 on the physical temperature. Nevertheless, the lowest temperature is associated to the lowest 00 for a constant frequency and, consequently, to the largest d p . For the pure ice model, the maximum d p has been estimated considering the ice surface temperature, which corresponds to the lowest value within the vertical ice profile. For the ice-pack, the temperature model described in Jezek et al. [2015] has been used with the following parameters: ice surface temperature (270 C) from ECMWF, geothermal heat flux (47 mW m 22 ), ice thermal conductivity (2.7 W m 21 K 21 ), ice thermal diffusivity (45 m 2 yr 21 ), ice thickness (4300 m) from Fretwell et al., [2013] , and snow accumulation rate (0.025-0.035 m yr 21 ) from Macelloni et al., [2006] . In this model, the propagated physical temperature from the surface to the bedrock has an exponential profile that increases with depth, in agreement with measurements from the Vostok [Ritz, 1989] and Amanda boreholes [Price et al., 2002] . Theoretical estimations of d p may be dependent on the accuracy of the temperature data set and/or model employed. The use of alternative data sets or in-situ temperature observations will be considered subject of further research.
The consistency between the estimated d p using the two different 00 models has been assessed. To do so, the ice-pack model has been applied using the density of the pure ice, to better compare with the pure ice model. As expected, the same d p values are obtained with both models at extreme ECMWF surface temperatures over Antarctica: d p 204 m (210 C) to 1258 m (270 C). Also, d p is larger at lower temperatures. Figure 3a shows the 00 values as a function of depth using the ice-pack model, 0.03 m yr 21 of accumulation rate, and the vertical ice density and physical temperature profiles. Its corresponding d p for each 00 is included inside. It can be observed that losses quickly increase from 1.6 3 10 25 at the surface to 4.8 3 10 25 at 200 m depth. This behavior in the 00 produces a very fast decrease of the d p up to a value 1.25 km. Then, the maximum d p is estimated to be 1-1.5 km. Figure 3b displays the exponential ice density profile used in the ice-pack model. Note that the density also increases very fast, up to a value of 
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918 kg m 23 that remains almost constant. Figure 3c presents the exponential physical temperature profile used in the ice-pack model depending on the snow accumulation rate. The temperature slightly increases with decreasing accumulation rates.
Previous results suggest that the subglacial bedrock is not contributing to the measured Aquarius T B , since it lies deeper (2-4.3 km below the ice surface, except in the coastal areas), specially in the East Antarctic Plateau. In an experimental study carried out at Dome-C during December 2009 (Austral summer), in collaboration with the DOMEX-2 experiment [Macelloni et al., 2013] , the d p of L-band Global Navigation Satellite Systems-Reflectometry (GNSS-R) signals into the ice was estimated to be 200-300 m [Fabra, 2013] . In this case, the reflected signals were acquired with an elevation angle of 45 , after travelling through the ice an approximate length of 570-850 m, considering both downward and upward paths. Instead, our estimation was assuming the lowest ice surface temperature (270 C) and nadir. These differences (incidence angle and ice surface temperature) may be responsible for the different predicted d p with respect to the estimation by the experimental study.
The mean and std Aquarius T B maps over Antarctica (middle beam) for the study period are included in Figure 4 at horizontal and vertical polarizations. In this case, the color scale is adjusted from 170 to 240 K for the mean and from 0 to 8 K for the std, to show the full spatial T B variability over the continental ice sheet. Both polarizations reveal similar spatial patterns, with the vertical T B being higher than the horizontal T B , as Journal of Geophysical Research: Oceans 10.1002/2014JC010151 expected. Also, the vertical is more stable than the horizontal polarization, in agreement with results obtained during DOMEX-2 experiment [Macelloni et al., 2013] . Note that the std maps have some peculiar features of high T B error values above the mean std, particularly in the coastal areas. This may be a systematic error due to Aquarius data resampling, an incidence angle effect produced by abrupt ice surface changes due to strong topography or a physical effect by the ice dynamics of East Antarctica [Rignot et al., 2011] . The Dome-C is placed in a region with minimum values of T B , in agreement with Figure 1 . Results from the other two beams (not shown) are consistent. Also, results are similar to those provided by an independent study [Brucker et al., 2013] .
The Antarctic data sets used to analyze the sensitivity of T B variations to geophysical variables (such as surface elevation, subglacial bedrock elevation, and ice thickness) are displayed in Figure 5 . Surface elevation varies from 0 to 4 km above the sea level defined by the WGS-84 geoid and it is always positive (Figure 5a ). Subglacial bedrock elevation varies from 22.2 below to 2.2 km above the WGS-84 sea level and it could be positive or negative (Figure 5b ). Ice thickness, referred to the surface with positive axis defined upward, called hereafter ice thickness level (IceTL), varies from 0 (at the coast) to 24.3 km (around Dome-C area) and it is always negative (Figure 5c ). Then, the surface elevation is related to the IceTL and the bedrock elevation. Also, a map showing the location of the selected transects as well as the pixels including at least one of the reported subglacial lakes is included in Figure 5d . Note that, in general, areas with subglacial lakes correspond to areas with the lowest mean T B at both polarizations (see Figure 4 ). Figure 6 at the horizontal polarization. The T B values along each transect are computed from the averaged Aquarius T B maps. The corresponding mean value (T B , included between brackets in the legends) has been subtracted to better show the T B variations of the inner, the middle, and the outer beams in the same plot. We are assuming that the impact of changes in surface temperature, accumulation rate, and density is negligible through transects relative to the IceTL variations. Additionally, the ice surface elevation and the subglacial bedrock elevation have been included. The location of known subglacial lakes along the transects is marked with a blue bar in the x axis to assess its impact on the observed T B . It can be appreciated that the T B changes follow the overall trend in all transects, with a closer agreement when the IceTL presents slow spatial variations (see T1). In the other transects (T2, T3, and T4), the agreement is limited, since IceTL exhibits fast spatial variations that cannot be resolved by Aquarius, probably due to its coarse spatial resolution. Transects T3 and T4 have the highest presence of known subglacial lakes. There is not a clear response of measured T B at the subglacial lakes location. Similar behavior is obtained at vertical polarization (not shown). Surface elevation presents smoother variations than the observed T B in all transects. Note that T1 differs from the other three transects in the larger dynamic range of the surface elevation (from 0.5 to 3.5 km). Also, the ice surface has a monotonic behavior in T1 and T3, whereas the surface decreases and later increases in T2, or vice versa, in T4. Note that the IceTL and the bedrock elevation have a very similar behavior in T3 and T4, but not in T1 and T2.
The obtained correlation of Aquarius T B with subglacial bedrock (R b ) and IceTL (R i ) over the whole Antarctica, the slope (s i ) of the linear regression respect to the IceTL and its estimation error are summarized in Table 1 , third column, for all pixels in the map. As expected from the theoretical d p , no correlation is obtained with the bedrock (R b 0.09-0.22). Correlations with IceTL range from R i 0.62-0.73, being higher at vertical than at horizontal polarizations and increasing with higher incidence angles. Slopes indicate there is a sensitivity of 8.3-9.5 K/km to variations in IceTL. Statistical results with IceTL are also displayed in Table 1 separately for the pixels with known subglacial lakes (fourth column) and for a representative selection of a comparable number of pixels without lakes (fifth column). Although the number of data points is considerable reduced in these cases, obtained statistical scores are significant (p < 0.05). Results show the presence of subglacial water does not have an important impact in terms of correlation. However, lower slopes are obtained considering the pixels with known subglacial lakes, in all beams and polarizations (5.4-8.4 versus 9.1-10.8 K/km). The estimated errors in the slopes are higher than when all pixels are considered, but remain within reasonable bounds. These results suggest that the presence of subglacial water may be affecting the measured T B . It is known that Antarctica has a rich basal hydrological system, with water transferring events among its many subglacial lakes. The spatial distribution of the physical temperature near the ice-bedrock interface depends on the geothermal heat flux and this basal system. We hypothesize that the presence of subglacial lakes and the possible water connections between them may have an effect on the vertical temperature profile and, consequently, may modify the dielectric properties and the emissivity of the ice layers overlaying these lakes. A dedicated research study is needed to obtain conclusive results regarding the effect of the presence of subglacial lakes on L-band Antarctica's emissivity, which is out of the scope of this paper. The influence of the ice surface topography on the Aquarius T B , which could be related to the impact of the ice thickness, would be subject of further research. Figure 7 shows the scatterplots of Aquarius T B (middle beam) versus subglacial bedrock elevation and IceTL at both polarizations for all the pixels of the map. It can be observed that the T B and bedrock distribution seems to be random in all cases, in agreement with results of Journal of Geophysical Research: Oceans 10.1002/2014JC010151 degree of similarity between the bedrock and the IceTL variations, and this explains the correlations found between T B and the bedrock in this particular region.
Conclusions
In this work, the relationship between Antarctic ice thickness spatial variations and changes in measured Aquarius T B during a 3-months no-daylight period has been explored. Austral winter conditions have been chosen to ensure Aquarius T B variations are independent of surface temperature changes. The maximum theoretical L-band penetration depth has been estimated to be 1-1.5 km.
A good agreement has been observed between Aquarius T B and ice thickness variations over selected transects on East Antarctica, except for the case of fast spatial variations, which are not resolved due to Aquarius coarse resolution. A linear trend has been identified between ice thickness changes and Aquarius T B variations with slopes of 8.3-9.5 K/km. Correlations vary from 0.6 to 0.7, and they are higher for vertical than for horizontal polarization. No correlation has been observed between Aquarius T B and the bedrock elevation. Due to that, the Antarctica's emissivity seems to depend on the emission from ice layers well below the surface, but, in general, not from the subglacial bedrock which is much deeper than the L-band penetration depth. Results show that the presence of subglacial lakes, which are generally located at 3 km depth, may influence the physical temperature profile and/or the dielectric properties of the ice layers above, affecting the observed T B . This would be subject of further research.
This work could help in deciding future target areas over Antarctica for upcoming L-band missions. In view of the presented results, minimum ice thickness spatial variations is an additional aspect that should be considered when selecting a suitable Antarctic calibration/validation site for microwave radiometers, apart from temporal stability and spatial homogeneity. Also, this study could contribute to improve our understanding of the Antarctica's emissivity as a necessary step for the use of L-band radiometric observations in cryospheric studies. 
